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[57] ABSTRACT

A microbiological process for oxidation of methyl
groups in aromatic 5- or 6-ring heterocycles to the cor-
responding carboxylic acid. The reaction of the hetero-
cycle takes place by microorganisms of the genus Pseu-
domonas, which utilize toluene, xylene or cymene. An
inducer, the aromatic heterocycle, as the substrate, and
a carbon source and energy source are fed in and, after

171, (1989), pp.
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MICROBIOLOGICAL PROCESS FOR OXIDATION
OF METHYL GROUPS

BACKGROUND OF THE INVENTION

1. Field Of The Invention

The invention relates to a microbiological process for
the oxidation of methy! groups on aromatic 5- or 6-ring
heterocycles to the corresponding carboxylic acid, with
the heterocycle exhibiting no substituent on the carbon
atom adjacent to the methyl group to be oxidized.

2. Background Art

These carboxylic acid derivatives can be used, for
example, as intermediate products for other chemical
syntheses. For example, 2-pyrazinecarboxylic acid is an
important intermediate product for the production of
the tuberculostatic pyrazinamide (2-pyrazinecarboxylic
acid amide) [Roemps Chemie Lexikon, vol. 8, No. 5,
(1987), p. 3411].

Thorough studies on the microbiological production
of carboxylic acids up to now were conducted with
aromatic hydrocarbons. The production of carboxylic
acids by microbiological oxidation of methylated aro-
matic compounds was described in detail in the works
of Raymond et al. [Raymond et al., Process Biochem.,
(1969), pages 71 to 74]. U.S. Pat. No. 3,383,289 de-
scribes a process for the biochemical oxidation of
methyl groups in aromatic hydrocarbons with a gram-
positive microorganism strain of the genus Nocardia.
Disadvantages of these processes include, for example,
in the methyl group oxidation of aromatic hydrocar-
bons, the benzene ring of the corresponding acid being
cleaved.

In regards to Pseudomonas putida ATCC 33015 it is
known that the biochemical oxidation of the methyl
groups are toluene to benzoic acid taking place in three
steps. By the action of the toluene monoxygenase, ben-
zyl alcohol first results which then in two other steps,
that 1s, catalyzed by an alcohol dehydrogenase and an
aldehyde dehydrogenase, is converted to the acid.

In this strain both the Xyl genes, which code for
enzymes of the xylene decomposition, and the genes,
which are responsible for the regulation of the Xyl
genes, are on the plasmid pWWOQO. This archetypical
Tol plasmid has already been thoroughly investigated in
a molecular biological manner [Harayama et al., J. Bac-
teriol.,, 171, (1989), pages 5048 to 5055; Burlage et al.,
Appl. Environ. Microbiol. 55, (1989), pages 1323 to
1328].

Also microbiological processes for the oxidation of
methyl groups of an N-heterocycle are known from the
literature. According to Soviet Union Patent No.
417,468, 2-methylpyridine is oxidized with a gram-posi-
tive microorganism strain of the genus Nocardia to the
corresponding acid.

Soviet Union Patent No. 228,688 describes a microbi-
ological process for the production of nicotinic acid
from 3-methylpyridine with a gram-positive microor-
ganism of the genus Mycobacterium. A microbiological
process for the production of nicotinic acid with gram-
positive bacteria of the genus Nocardia is known from
Soviet Union Patent No. 302,341.

The disadvantages of methyl group oxidation of N-
heterocycles with gram-positive bacteria are that with
these alkane-utilizing bacteria the mixture ratio of the
alkane to the substance to be oxidized has to be pre-
cisely adjusted to achieve a biotransformation, and that
no biotransformation of the substance takes place in the

2

absence of the alkane, 1.e., the alkane,used for the induc-
tion always has to be present even in the reaction of the
substrate. By comparison tests with the gram-positive
bacterium Nocardia and gram-negative Pseudomonas

> putida ATCC 3300of applicant, it was possible to show
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clearly that Nocardia even in the presence of an alkane,
such as, dodecane, does not oxidize 3-methylpyridine to
the corresponding nicotinic acid.

Further, U.S. Pat. No. 4,859,592 describes a process
for the production of picolinic acid with Pseudomonas
putida, an alkyl-substituted aromatic hydrocarbon being
formed in the presence of molecular oxygen in a first
step by a dioxygenase. The resultant 2-hydroxymuconic
acid semialdehyde then being reacted in a second step
with ammonia or a primary amine to the corresponding
nicotinic acid. The disadvantage of this process is that
the corresponding picolinic acid is formed only in the
second step by the reaction of the 2-hydroxymuconic
acid semiaidehyde with ammonia.

A microbiological process for the oxidation of methy!l
groups on heterocycles s also descnbed in commonly-
owned U.S. Ser. No. 650,589, filed on Feb. §, 1991, now
U.S. Pat. No. 5,104,798, 1ssued on Apr. 14, 1992, (Swiss
Patent Application No. 458/90, filed on Feb. 13, 1990),
(both of which are not prior art). In this process, the
Pseudomonas microorganisms are cultured first in a
culture medium, for example, with p-xylene as the sole
carbon source and energy source, are afterward sepa-
rated and then the biotransformation 1s performed by
the addition of the feedstock. By exhaustion of the bio-
mass activity, relattve small product concentrations are
achieved 1n this two-step process.

BROAD DESCRIPTION OF THE INVENTION

The main object of the invention is to avoid the disad-
vantages of the above-identified processes and to pro-
vide a process that can be performed on a large scale
with high space-time yields, in which a much higher
product concentration 1s achieved and the carboxylic
acids are obtained 1in high yield after isolation. Other
objects and advantages of the invention are set out
herein or are obvious herefrom to one skilled in the art.

The objects and advantages of the invention are
achieved by the microbiological process of the inven-
tion.

In the microbiological process, according to the in-
vention, for the oxidation of at least one methyl group
on aromatic 5- or 6-ring heterocycles, the heterocycle
exhibiting no substituent on the carbon atom adjacent to
the methyl group to be oxidized to the corresponding
carboxylic acid, there are fed into a culture medium,
containing microorganisms of the genus Pseudomonas
which utilize toluene, xylene or cymene:

(i) an inducer,

(1) the methylated aromatic 5- or 6-ring heterocycle
as substrate for the biotransformation, and option-
ally

(111) one or more carbon sources and energy sources.
After the maximal product concentration is
achieved, the carboxylic acid is separated.

The reaction can be performed according to the in-
vention with microorganisms of the genus Pseudomo-
nas which utilizes toluene, xylene or cymene, preferably
the species Pseudomonas putida, especially with micro-
organisms of the strain Pseudomonas putida, which uti-
lizes xylene, deposited at the American Type Culture
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Collection, 12301 Parklawn Drive, Rockville, Md.
20852, U.S.A., under number ATCC 33015.

Also suitable for the process are mutants of these
microorganisms as well as other microorganisms, into
which the Tol plasmid, necessary for the reaction, has 5
been mtroduced either by conjugation or by genetic
engineering methods.

DETAILED DESCRIPTION OF THE
INVENTION

In the invention process, preferably:

(a) the microorganisms are cultivated with the indu-
cer until enough cells for the production are present;

(b) then feeding of the inducer is stopped;

(c) then the methylated aromatic 5- or 6-ring hetero- 15
cycle and the carbon source and energy source are
added until the microorganisms exhibit a decrease of
activity for the biotransformation;

(d) then the activity of the microorganisms is regener-
ated by the feeding of the inducer, optionally by simul-
taneous stopping feeding of the carbon source and en-
ergy source; and

(e) process steps (b) to (d) are repeated so that the
biotransformation can be performed over prolonged
periods and, thus, the maximal product concentration
and/or continuous production process is performed and
high space-time yields are achieved.

The process according to the invention for oxidation
of methyl groups in aromatic 5- or 6-ring heterocycles is
suitably performed so that in the first process step (a)
according to the above-described preferred embodi-
ment biomass, capable of production, is produced 1n a
so-called batch phase. For this purpose, microorganisms
in a known way are cultivated according commonly-
owned U.S. Ser. No. 650,589, filed on Feb. 5, 199] now
U.S. Pat. No. 5,104,798, issued on Apr. 14, 1992, (or
- Swiss Patent Application No. 458/90, filed on Feb. 13,
1990) either with representatives of the compound se-
ries of toluene, xylene and its isomers or cymene and its
1somers, such as, p-xylene, m-xylene, p-cymene, or with
m-cymene as the inducer and sole carbon source and
energy source in a mineral medium, such as, disclosed in
Kulla et al., Arch. Microbiol. 135, (1983), pages 1 to 7,
or they are cultivated with representatives of the com-
pound series of toluene, xylene and its isomers or cy- 45
mene and its isomers, such as, p-xylene, m-xylene, p-
cymene, or with m-cymene, as the inducer in a complex
medium, such as, “Nutrient Broth No. 2,” Oxoid Ltd.,
England, or in a mineral medium, such as, disclosed in
Kulla et al., Arch. Microbiol., 135, (1983), pages 1 to 7,
with carbon sources, such as, carbohydrates, sugar alco-
hols, low-boiling aliphatic alcohols, aliphatic fatty acids
or amino acids, as the carbon source and energy source.

The pertinent parts, including the drawings, of com-
monly-owned U.S. Ser. No. 650,859, filed on Feb. 5,
1991, now U.S. Pat. No. 5,104,798, issued on Apr. 14,
1992, and entitled “Microbiological Oxidation Of
Methyl Groups In Heterocycles”, are incorporated
herein. U.S. Ser. No. 650,859 discloses details of the
cultivation of Pseudomonas microorganisms.

As substrates for the reaction methylated aromatic
>-member ring heterocycles can suitably be used, which
contain one or more heteroatoms from the series of
oxygen, nitrogen and sulfur, such as, methylated thio-
phenes, methylated furans, methylated pyrroles, meth-
ylated thiazoles, methylated pyrazoles or methylated
imidazoles, which exhibit no substituent on the carbon
atom adjacent to the methyl group to be oxidized. Pref-
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erably methylated furans, methylated thiophenes, meth-
ylated pyrroles and methylated thiazoles are used. 3,5-
dimethylpyrazole, 5-methylthiazole, 4-methylthiazole,
2,5-dimethylthiophene, 2-methylthiophene, 3-methyl-
thiophene, 2,5-dimethylfuran and 2,5-dimethylpyrrole
are especially used as 5-member ring heterocycies.

The reaction can be suitably performed with aro-
matic methylated 6-member ring heterocycles with one
Or more nitrogen atoms as heteroatom, such as, methyl-
ated pyridines, methylated pyrimidines, methylated
pyrazines or methylated pyridazines, which exhibit no
substituent on the carbon atoms adjacent to the methyl
groups to be oxidized. Preferably methylated pyridines,
methylated pyrazines and methylated pyrimidines, such
as, 2-methylpyrnidine, 3-methylpyridine, 4-methylpyri-
dine, 2,5-dimethylpyridine, 2,4-dimethylpyridine, 6-
chloro-3-methylpyridine,  2-chloro-3-ethyl-6-methyl-
pyridine, 4,6-dimethylpyrimidine, 2-methylpyrazine,
2,5-dimethylysyazine, 2,6-dimethylpyrazine, 2,3,5-
trimethylpyrazine and 2-chloro-3,6-dimethylpyrazine,
are used. |

The compounds, which serve the microorganism as
the carbon source and energy source, such as, p-xylene,
m-xylene, p-cymene, m-cymene or toluene, also suitably
serve for induction of the enzymes of the microorgan-
1sms responsible for the reaction. This enzyme induc-
tion can also be performed with compounds which do
not serve the microorganism as the carbon source and
energy source, such as, for example, mono- and di-sub-
stituted methyl, ethyl and chlorine toluenes, benzyl
alcohols, p-chlorobenzaldehyde, o-xylene and o-
cymene, which have already been described as enzyme
inducers for the decomposition of aromatic hydrocar-
bons [Abril M.A. et al., J. Bacteriol., Vol. 171, (1989),
pages 6782 to 6789]. These compounds are suitably fed
in gaseous form, for example, according to the data of
Hosler and Eltz [Microbiol. Conversion of p-Xylene in
Stirred Fermenters, Fermentation Advances, Acad.
Press, Inc. N.Y., (1969), pages 789 to 805]. The com-
pounds used for induction can also be fed in liquid form.

Suitably the inducer is added so that the specific
inducer decomposition rate is between 0.01 and 50
mmol/g dry weight/hour.

Preferably the microorganisms are cultivated in a
mineral medium with p-xylene until the cell suspension
contains 0.01 to 200 g dry weight. Suitably, the micro-
organisms are cultivated at a pH of 5 to 9, preferably at
a pH of 7 to 8. The cultivation is suitably performed in
all process steps at a temperature of 15° to 90° C., pref-
erably at 25° to 35° C.

Other cultures, which suvitably then have the same
composition, can be inoculated with the cultured bio-
Imass.

In the process according to the invention the cultured
biomass is the starting point for the microbiological
oxidation of methyl group in the heterocycles in the
so-called biotransformation phase, which can be per-
formed continuously or by batch.

After the biomass cultivation, process step (b) in-
volves stopping the feeding of the inducer.

Process steps (c) to (e) characterize, in the invention
process, the so-called biotransformation phase. The
culture medium and the culture conditions in the bio-
transformation phase are largely similar to that of the
biomass cultivation.

The biotransformation phase is characterized in that:

Process step (c): then the feedstock, the methylated
aromatic 5- or 6-ring heterocycle, and the carbon
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source and energy source are added to the culture solu-
tion until the microorganisms exhibit a decrease of the
activity for the biotransformation

Process step (d): then the activity of the microorgan-
isms 1s regenerated by feeding of the inducer, optionally
also by simultaneously stopping the feeding of the car-
bon source and energy source, until the specific inducer
decomposition rate is between(0.01 and 50 mmol/g dry-
ing weight/hour; and

Process step (e): process steps (b) to (d) are repeated
so that the biotransformation can be performed over
prolonged periods and, thus, the maximal product con-
centration and/or a continuous production process are
attained and high space-time yields are achieved.

The feedstock, the heterocycle, is suitably fed so that
the concentration in the culture medium is between
0.0001 and 5 percent, preferably between 0.01 and 1
percent.

The compounds usual among experts and, e.g.,
known in the hiterature for Pseudomonas strains can be
used as the carbon source and energy source [The
Prokaryotes, Ed. by M. P. Starr, H. Stolp, H. G.
Trueper, A. Balow and H. G. Schlegel, Springer Ver-
lag, (pages 670 to 679, 1981]. Suitable carbon sources
and energy sources are carbohydrates, sugar alcohols,
low-boiling aliphatic alcohols, aliphatic fatty acids or
amino acids. Preferably glucose and/or glycerol and/or
glutamate 1s used. This carbon source and energy
source 1s suitably fed so that the specific substrate de-
composition rate 1s between 0.01 and 200 mmol/g dry
weight/hour.

After cultivation in a biotransformation phase per-
formed in a batch, i.e., generally after 10 to 250 hours, a
product concentration in the culture of more than 100
mmol/1 can be achieved.

In a modification of the process, after the completion
of the fermentation, a part of the culture solution is
removed, and with the remaining part, to which new
culture medium has been added, a new biotransforma-
tion cultivation is started.

With the so-called repeated biotransformation pro-
cess, the volumetric productivity of the fermentation
can be reduced. The volumetric productivity can be
increased still more by simultaneously adding new me-
dium and removing the culture solution (continuous
- process).

A relief of the culture can be achieved by the feed-
stock (the heterocycle) being desalted and purified by
an 10n exchanger or by electrodialysis.

Recovery of the products from the culture solution
takes place by the usual methods and can be suitably
performed continuously or in batch—continuous recov-
ery 1s preferred. The separation of the biomass can be

performed, e.g., by centrifugation, ultrafiltration or
microfiltration.

The concentrated product solutions obtained both in
electrodialysis and by ion exchanging can be concen-
trated either by evaporation or by reverse osmosis and
then can be azeotropically dehydrated.

If the product is recovered continuously by electrodi-
alysis [e.g., according to Eymondt and Wandrey,
Chem. Ing. Tech., vol. 62, No. 2, (1990), pages 134 and
135], the productivity can be increased even more.

Preferably S5-methyl-2-pyrazinecarboxylic acid or
6-methyl-2-pyrazinecarboxylic acid, most especially
5-methyl-2-pyrazinecarboxylic acid, is produced ac-
cording to the invention process.
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EXAMPLEDbL 1
Production of S-methyl-2-pyrazinecarboxylic acid

Pseudomonas putida ATCC 33015 was cultivated in a
mineral medium [Kulla et al., Arch. Microbiol.,, 135,
(1983), pages 1 to 7] with p-xylene as sole carbon source
and energy source in a fermenter at pH 7.0 and a tem-
perature of 30° C. The enzyme inducer p-xylene was fed
in gaseous form according to the data of Hosler and
Eltz [Microbiol. Conversion of p-Xylene in Stirred
Fermenters, Fermentation Advances, Acad. Press, Inc.,
N.Y,, (1969), pages 789 to 805] until a biomass concen-
tration of 7.8 g dry weight/l1 was reached. Then the
feeding of the inducer was stopped, and 2,5-dimethyl-
pyrazine and 50 percent glucose solution were added to
the fermenter at a rate of 1 g/1/h. After 4 hours, when
the biotransformation activity of the biomass had
dropped to about 80 percent, p-xylene (2 h) was again
added up to a specific inducer decomposition rate of
0.51 mmol/g dry weight/h, with the simultaneous stop-
ping of the addition of glucose. The drop of the bio-
transformation activity of the biomass was detected by
the consumption of the lye that was consumed for neu-
tralization of the product. After that, glucose and p-
xylene were alternately added as described until the
concentration of S5-methyl-2-pyrazine-carboxylic acid
had reached value of 101 mmol/l, which corresponded
to a yield of 95 percent, relative to the 2,5-dimethyl-
pyrazine used.

EXAMPLE 2

Production of 6-methyl-2-pyrazinecarboxylic acid

Pseudomonas putida ATCC 33015 was cultivated
analogously to Example 1 until the biomass concentra-
tion of 7.8 g dry weight/]l was reached. Then the feed-
ing of the inducer was stopped and 2,6-dimethylpyra-
zine and 50 percent glucose solution were added to the
fermenter at a rate of 1 g/1/h. After 4 hours, when the
biotransformation activity of the biomass had dropped
to about 75 percent, p-xylene (2 h) was again fed up to
a specific inducer decomposition rate of 0.45 mmol/g
dry weight/h, and the addition of glucose was stopped.
The drop of the biotransformation activity of the bio-
mass was detected by the consumption of the lye that
was consumed for neutralization of the product. After

that, glucose and p-xylene were alternately added as
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described until the concentration of 6-methyl-2-pyra-
zine-carboxylic acid had reached a value of 105 mmol/1,
which corresponded to a yield of 95 percent, relative to
the 2,6-dimethylpyrazine used.

What is claimed is: |

1. Microbiological process for the oxidation of a

methyl group on an aromatic 5- or 6-ring heterocycle,
and the heterocycle exhibiting no substituent on the
carbon atom adjacent to the methyl group to be oxi-
dized to the correpsonding carboxylic acid, comprising:
feeding to a culture medium, containing xylene-utilizing
microorganisms of the strain Pseudomonas putida hav-
ing the designation ATCC 33015 or an effective nutant
thereof:

(1) an inducer which induces enzymes of the microor-
ganisms and which does not serve the microorgan-
isms as carbon source and energy source,

(11) the methylated aromatic 5- or 6-ring heterocycle
as substrate for the biotransformation, and option-
ally |
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(1i1) one or more carbon and energy sources; and after
the maximal product concentration is achieved,
separating the carboxylic acid.

2. The process according to claim 1 wherein at least
one compound 1s used as the inducer, which serves the
microorganism as the carbon source and energy source.

3. The process according to claim 2 wherein the
inducer is selected from the group consisting of toluene,
m-xylene, p-xylene, m-cymene and p-cymene.

4. The process according to claim 1 wherein com-
pounds are used as inducer, which do not serve the
microorganism as the carbon source and energy source.

5. The process according to claim 4 wherein the

5

10

Inducer is selected from the group consisting of mono- s

or di-substituted methyl, ethyl, and chlorine toluenes,
benzyl alcohols, p-chlorobenzaldehyde, o-xylene and
O-cymene. |

6. The process according to claim 2 wherein:

(a) the microorganisms are cultivated with the indu-
cer until enough cells for the production are pres-
ent;

(b) then feeding of the inducer is stopped;

(c) then the methylated aromatic 5- or 6-ring hetero-
cycle and the carbon source and energy source are
added until the microorganisms exhibit a decrease
of activity for the biotransformation;

(d) then the activity of the microorganisms is regener-
ated by feeding of the inducer, optionally by simul-
taneous stopping of the carbon source and energy
source; and |

(e) process steps (b) to (d) are repeated so that the
biotransformation can be performed over pro-
longed periods and, thus, the maximal product
concentration and/or continuous production pro-
cess 1s performed and a high space-time yield is
achieved.

7. The process according to claim 6 wherein the
inducer 1s added so that the specific inducer decomposi-
tion rate is between 0.01 and 50 mmol/g dry weight/-
hour.

8. The process according to claim 6 wherein the
methylated aromatic 5- or 6- ring heterocycle is added
so that the concentration in the culture medium is be-
tween 0.0001 and 5 percent.

9. The process according to claim 6 wherein the
carbon source and energy source is added so that the
specific substrate decomposition rate is between 0.01
and 200 mmol/g dry weight/hour.
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10. The process according to claim 6 wherein a car-
bohydrate, sugar alcohol, low-boiling aliphatic alcohol,
aliphatic fatty acid or amino acid is used as the carbon
source and energy source.

11. The process according to claim 10 wherein the
product is separated continuously or by batch.

12. The process according to claim 1 for the produc-

"tion of 5-methyl-2-pyrizinecarboxylic acid wherein 2,5-

dimethylpyrazine is used as the substrate.

13. The process according to claim 1 for the produc-
tion of 6-methyl-2-pyrazinecarboxylic acid wherein
2,6-dimethylpyrazine is used as the substrate.

14. The process according to claim 1 wherein:

(a) the microorganisms are cultivated with the indu-
cer until enough cells for the production are pres-
ent;

(b) then feeding of the inducer is stopped;

(c) then the methylated aromatic 5- or 6-ring hetero-
cycle and the carbon source and energy source are
added until the microorganisms exhibit a decrease
of activity for the biotransformation;

(d) then the activity of the microorganisms is regener-
ated by feeding of the inducer, optionally by simul-
taneous stopping of the carbon source and energy
source; and

(e) process steps (b) to (d) are repeated so that the
biotransformation can be performed over pro-

 longed periods and, thus, the maximal product
concentration and/or continuous production pro-
cess is performed and a high space-time vyield is
achieved.

15. The process according to claim 11 wherein the
inducer 1s added so that the specific inducer decomposi-
tion rate is between 0.01 and 50 mmol/g dry weight/-
hour.

16. The process according to claim 11 wherein the
methylated aromatic 5- or 6-ring heterocycle is added
so that the concentration in the culture medium is be-
tween 0.0001 and 5 percent.

17. The process according to claim 11 wherein the
carbon source and energy source is added so that the
specific substrate decomposition rate is between 0.01
and 200 mmol/g dry weight/hour.

18. The process according to claim 11 wherein a
carbohydrate, sugar alcohol, low-boiling aliphatic alco-
hol, aliphatic fatty acid or amino acid is used as the
carbon source and energy source.

19. The process according to claim 11 wherein the

product is separated continuously or by batch.
% * X % *
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